ABSTRACT The fifth generation (5G) of the mobile networks is envisioned to feature two major service classes: ultra-reliable low-latency communications (URLLC) and enhanced mobile broadband (eMBB). URLLC applications require a stringent one-way radio latency of 1 ms with 99.999% success probability while eMBB services demand extreme data rates. The coexistence of the URLLC and eMBB quality of service (QoS) on the same radio spectrum leads to a challenging scheduling optimization problem, that is vastly different from that of the current cellular technology. This calls for the novel scheduling solutions which cross-optimize the system performance on a user-centric, instead of network-centric basis. In this paper, a null-space-based spatial preemptive scheduler for joint URLLC and eMBB traffic is proposed for the densely populated 5G networks. Proposed scheduler framework seeks for cross-objective optimization, where the critical URLLC QoS is guaranteed while extracting the maximum possible eMBB ergodic capacity. It utilizes the system spatial degrees of freedom in order to instantly offer an interference-free subspace for the critical URLLC traffic. Thus, a sufficient URLLC decoding ability is always preserved, and with the minimal impact on the eMBB performance. Analytical analysis and extensive system level simulations are conducted to evaluate the performance of the proposed scheduler against the state-of-the-art scheduler proposals from industry and academia. Simulation results show that the proposed scheduler offers extremely robust URLLC latency performance with a significantly improved ergodic capacity.
I. INTRODUCTION
The 3rd generation partnership project (3GPP) is progressing the standardization of the fifth generation (5G) standards with a big momentum [1] - [4] . The first 5G specifications support two major service classes: ultra-reliable lowlatency communications (URLLC) and enhanced mobile broadband (eMBB) [5] , respectively. The URLLC denote the future applications which demand extremely reliable and low latency radio transmissions, i.e., one-way radio latency of 1 ms, associated with 1 − 10 −5 success probability [6] , [7] . That is, a URLLC packet is of no-use if it can not be successfully decoded within the 1 ms latency deadline. Accordingly, supporting such stringent URLLC latency specifications enables many novel use cases [8] , including smart grids, tactile internet, wireless industrial control, and real time vehicle-to-vehicle communications.
However, due to the limited available spectrum in the centimeter-wave region, both eMBB and URLLC applications shall coexist on the same carrier. Thus, achieving such extreme spectral efficiency (SE) for eMBB applications and the ultra reliability and low latency for URLLC services becomes a challenging scheduling task, due to the fundamental trade-off between latency, reliability and SE [9] . For instance, to satisfy such unprecedented URLLC requirements, the system should be forcibly engineered such that blocking URLLC packets is a rare event. This can be achieved by setting an extremely tight block error rate (BLER) to preserve a sufficient URLLC signal-to-interference-noiseratio (SINR) [10] . Consequently, URLLC users must fulfill their outage capacity of interest [11] at the expense of the overall ergodic capacity, leading to a severe loss of the network SE.
A. STATE OF THE ART URLLC SCHEDULING STUDIES
Recently, the multiplexing of coexistent URLLC and eMBB traffic on the same radio spectrum is gaining progressive research attention in both industry and academia. The agile 5G frame structure design is shown to be of great significance to satisfy the URLLC latency [12] - [15] , where users can be scheduled on transmission time intervals (TTIs) of different durations. For instance, eMBB traffic is scheduled with a long TTI duration to meet its extreme SE requirements while URLLC traffic can be scheduled on a shorter TTI duration for its tight latency deadline. Nevertheless, the latter case induces an increased control signaling overhead, which in turn degrades the control channel (CCH) capacity.
Moreover, spatial diversity techniques are considered as enablers for the URLLC by preserving a sufficient received SINR point. The study in [16] demonstrates that a 4×4 multiinput multi-output (MIMO) microscopic diversity along with two orders of macroscopic diversity are essential to reach the outage SINR point, required to achieve the URLLC latency limit at the 10 −5 outage in 3GPP macro networks. These conclusions are also supported by URLLC realistic measurement campaigns [17] . Hence, the URLLC latency budget can be achieved by enhancing the decoding ability.
The recent work in [18] further broadens the adoption of the spatial diversity for URLLC communications. It flexibly assigns different coded segments of the URLLC payload to several active interfaces, i.e., transmitters, based on the associated latency, reliability, and bit rate properties. This is a substitute of transmitting duplicate versions of the URLLC packets from different transmitters at the same time. Thus, a better latency-reliability trade-off can be achieved by reducing the original payload transmission time. Additionally, the work in [19] considers a semi-shared resource allocation algorithm for the URLLC-type communications. It avoids preserving an exclusive set of the radio resources for the URLLC traffic due to its sporadic nature; however, it splits the URLLC resource allocation into two chunks as: 1) shared resources with other eMBB traffic, and 2) dedicated singleuser (SU) resources. The overall SE is enhanced; yet, with employing non-linear transceivers to compensate for the inter-user interference across the shared resources.
Furthermore, system-level packet duplication (PD) with the dual connectivity architecture in the 5G new radio (NR) [20] , where users are simultaneously connected to a primary and secondary cell, is envisioned to offer great reliability levels to address such URLLC outage requirements. However, in order not to excessively consume the radio resources by redundant packets, the benefit of the URLLC PD is relevant to specific scenarios, where channels are highly unfavorable.
Additionally, the study in [21] reports advanced scheduling enhancements for optimized URLLC latency performance, including dynamic and load-dependent BLER optimization, refined hybrid automatic repeat request (HARQ) and link adaptation filtering in partly loaded cells. On another side, punctured scheduling (PS) [22] is a state-of-the-art study which aims at eliminating the scheduling queuing delay component of the stochastic URLLC traffic. If URLLC queuing is foreseen, due to resource shortage, PS scheduler instantly overwrites part of the ongoing eMBB transmissions for immediate URLLC scheduling, at the expense of a highly degraded eMBB SE. Subsequently, enhanced PS (E-PS) scheduler [23] is recently introduced to provide an improved ergodic capacity by informing the victim eMBB users of which physical resource blocks (PRBs) have been punctured by URLLC transmissions, in order to avoid erroneous Chase combing HARQ process, i.e., punctured resources are considered information-less. Code-block (CB) based HARQ retransmission [24] , [25] schemes are also proposed to reduce the overhead size of the punctured eMBB re-transmissions; however, a multi-bit HARQ ACK/NACK is required.
Finally, a multi-user-punctured scheduler (MU-PS) [26] is recently demonstrated to offer an attractive tradeoff between system ergodic capacity and URLLC (outage) performance. MU-PS first attempts to fit the sporadically incoming URLLC traffic within an ongoing eMBB traffic in a standard MU-MIMO transmission. If the MU pairing can not be satisfied at an arbitrary TTI, MU-PS scheduler falls back to PS scheduler for instant URLLC scheduling without queuing. Despite the achievable enhanced SE, MU-PS has shown a non-robust URLLC latency performance since the standard MU pairing constraint is only dependent on the rate maximization. Thus, it may lead to a further degraded SINR level of the URLLC traffic, due to the power sharing and the resulting inter-user interference.
Compared to the state-of-the-art schedulers, the URLLC outage capacity is monotonically satisfied, only with the associated dedicated resource allocation size or the provided decoding SINR level. When eMBB and URLLC traffic coexists on same spectrum, such approach results in severe degradation of the overall SE. Needless to say, a flexible scheduling framework for cross-objective optimization is still critical in scenarios where an efficient multiplexing of the eMBB and URLLC traffic is mandated.
B. PAPER CONTRIBUTION
In this work, we propose a null-space-based preemptive scheduler (NSBPS) for densely populated 5G networks. The proposed NSBPS aims to dynamically cross optimize a jointly constrained system utility, where the URLLC quality of service (QoS) is always guaranteed while achieving the maximum possible ergodic capacity. If the instantaneous schedulable radio resources are not sufficient to contain the incoming URLLC traffic, NSBPS scheduler forcibly fits the URLLC traffic within an ongoing eMBB transmission in a controlled, biased, and semi-transparent MU-MIMO transmission. Proposed scheduler pre-defines a reference spatial subspace, pointing to an arbitrary direction. Then, it instantly searches for an active eMBB transmission which is most aligned within the reference subspace. Next, NSBPS scheduler spatially projects the selected eMBB transmission onto the reference subspace, in order for its paired URLLC user to orient its decoding vector within one possible null-space, thus, no residual inter-user interference is experienced at the URLLC user. Compared to the state-of-the-art scheduling studies from industry and academia, proposed NSBPS shows extreme robustness of the URLLC QoS with significantly enhanced ergodic capacity. The major framework of this work is summarized as follows:
• We extend our recent studies [11] , [26] to propose a comprehensive performance analysis of the NSBPS scheduler under diversity of traffic and network settings.
• Compared to the state-of-the-art scheduler proposals from latest 3GPP standards, the derived NSBPS scheduler shows extreme URLLC latency robustness while approaching the network ergodic capacity.
• Proposed NSBPS scheduler is compliant with the 5G-NR standardization and requires neither excessive control overhead nor higher processing complexity. Due to the complexity of the 5G-NR and addressed problems therein [1] - [3] , the performance of the proposed NSBPS scheduler is evaluated by highly-detailed system level simulations (SLSs), and supported by analytical analysis of the key performance indicators. Following the same methodology as in [11] and [26] , these simulations are based on widely accepted mathematical models and calibrated against the 3GPP 5G-NR assumptions of the majority of the resource management functionalities, e.g., HARQ, link-to-system mapping, and adaptive link adaptation. Furthermore, simulation results are ensured to be statistically reliable by preserving an extremely sufficient simulation confidence interval.
Notations: (X ) T , (X ) H and (X ) -1 stand for the transpose, Hermitian, and inverse operations of X , X · Y is the dot product of X and Y, while X and X represent the mean and 2-norm of X . X ∼ CN(0, σ 2 ) presents a complex Gaussian random variable with zero mean and variance σ 2 , X κ , κ∈{llc, mbb} denotes the type of user X , E {X } and card(X ) are the statistical expectation and cardinality of X .
The rest of this paper is organized as follows. Section II introduces the system and signal models. Section III presents the addressed problem formulation. Section IV discusses the proposed NSBPS scheduler in detail. Section V describes an analytical gain analysis compared to the state-of-the-art studies, and extensive system level performance evaluation is drawn in Section VI. Section VII concludes the paper.
II. SETTING THE SCENE A. SYSTEM MODEL
We consider a downlink (DL) 5G-NR network where the URLLC and eMBB service classes coexist [11] , [26] . There are C cells, each equipped with N t transmit antennas, and K uniformly-distributed user equipment's (UEs) per cell, each equipped with M r receive antennas. Users are dynamically multiplexed by the orthogonal frequency division multiple access (OFDMA) [27] . We assess three types of DL traffic as: (1) URLLC sporadic FTP3 traffic with finite B llc −byte payload size and Poisson arrival process λ, (2) eMBB full buffer traffic model with infinite payload size, and (3) eMBB constant bit rate (CBR) traffic model [28] , i.e., broadband video streaming, with a predetermined number of packetsň, each is B mbb −byte, and packet inter-arrival rateȋ.
The average number of UEs per cell is expressed as: K mbb + K llc = K , where K mbb and K llc are the average numbers of eMBB and URLLC UEs per cell, respectively. Hence, the offered URLLC load per cell is given by: K llc × B llc × λ, while the eMBB full buffer load is infinite and the CBR load per cell is:
, respectively. The flexible frame structure of the 5G-NR is adopted in this work [12] , where the URLLC and eMBB UEs are scheduled with variable TTI duration. As depicted in Fig. 1 , eMBB traffic is scheduled per a long TTI of 14-OFDM symbols for maximizing its perceived SE while the URLLC traffic is scheduled per a shorter TTI of 2-OFDM symbols, i.e., mini-slot, due to its latency requirements. In the frequency domain, the minimum schedulable unit is the PRB, each is 12 sub-carriers of 15 kHz spacing. In line with [12] and [13] , the scheduling grant is transmitted within the resources assigned to each user, i.e., in-resource CCH. Thus, the minimum resource allocation per user should be sufficiently large to accommodate the in-resource CCH in addition to its desired payload. Dynamic link adaptation with adaptive selection of the modulation and coding schemes (MCS) is assumed [29] , based on the frequency-selective channel quality indication (CQI) user reports. Due to the bursty nature of the FTP3 URLLC and CBR eMBB traffic, the set of active interferers in the system changes sporadically in return, leading to a highly varying interference pattern. Thus, a sliding low pass filter is applied on the instantaneous CQI reports [21] to smooth out the variance of the interference pattern as
where ∂(t) is the final CQI value based on the averaged interference covariance, to be considered for MCS selection VOLUME 6, 2018 at the t th TTI, A is the CQI value calculated based on the instantaneous interference pattern, andã ≤ 1 is the filter coefficient to indicate how much confidence should be given to the current reported CQI value. Finally, the Chase combining HARQ re-transmissions [30] are implemented to relax the target BLER transmission requirements, upon the reception of an associated NACK feedback.
B. SIGNAL MODEL
A MU-MIMO signal modeling is adopted in this work, where a maximum subset of MU co-scheduled URLLC-eMBB user pairs G c ∈ K c is allowed, where
the number of co-scheduled users and K c is the set of active UEs in the c th cell. Thus, the DL signal, received by the k th user from the c th cell is given by
where
. . , C} is the 3D channel seen at the k th user from the c th cell,
is the zero-forcing precoding vector, with the assumption of a single layer transmission per user, where
. s κ k,c and n κ k,c are the transmitted symbol and the additive white Gaussian noise at the k th user, respectively. The first summation indicates the intra-cell interference while the second presents the intercell interference, resulted from either the URLLC or eMBB traffic. The 3GPP 3D spatial channel model [31] is adopted, where the DL channel spatial coefficient seen by the m th receive antenna from the n th transmit antenna is composed from Q spatial paths, each with Z rays, and is expressed by
where δ k = k µ k is a constant, and µ k are the propagation and shadow fading factors, respectively, k is the physical distance between transceivers, with as the pathloss exponent,
is a randomness source per channel path. Hence, the channel steering coefficient r (m,n,q) k is calculated as
where ξ and ψ are the power and large-scale coefficients, D BS and D UE are the antenna patterns at the base-station (BS) and UE, respectively, η is the wave number, θ denotes the horizontal angle of arrival θ AoA and departure θ AoD , while ϕ implies the elevation angle of arrival ϕ EoA and departure ϕ EoD , respectively. s is the user speed, f = f x cos θ AoD cos ϕ EoD + f y cos ϕ EoD sin θ AoD + f z sin ϕ EoD is the displacement vector of the transmit antenna array (for a uniform linear array, f y = f z = 0). Accordingly, the received signal at the k th user is decoded by applying the receiver vector u κ k,c , given by
where u κ k,c is the antenna combining vector, designed by the linear minimum mean square error interference rejection combining (LMMSE-IRC) receiver [32] . Hence, the received SINR at the k th user, assuming an error-free link adaptation process, is expressed by
where p c k is the k th user receive power. Then, the received per-PRB data rate of the k th user is expressed as
Finally, the effective exponential SNR mapping [33] is applied to map the received SINR levels across N allocated sub-carriers into one effective SINR as
eff.
where O is a calibration parameter.
III. PROBLEM FORMULATION
The 5G-NR system performance should be continuously optimized per user-centric, instead of network-centric basis. However, the individual user utility functions are highly correlated and need to be reliably fulfilled, e.g., eMBB rate maximization and URLLC latency minimization as
∀k llc ∈ K llc : arg min
where K mbb and K llc represent the active sets of eMBB and URLLC users, respectively, mbb k mbb and β k mbb imply the granted set of PRBs and a priority factor of the k th eMBB user. Ψ is the URLLC target one-way latency, assuming a successful first transmission, which can be given by 
where is an outage SINR gap to represent a non-ideal link adaptation process. The URLLC queuing delay q can be mathematically represented by an arbitrary queuing model. For instance, we adopt the A/A/1 queuing model from data networks theory [35] , where the first A implies a Poisson packet arrival, second A denotes exponential service times, and notation '1' represents a single layer URLLC transmission. Thus, the mean queuing delay q , can be expressed as
where ρ = λ tx is the URLLC traffic intensity, with tx as the mean transmission time. Thus, in order to achieve the critical URLLC latency, the transmission and queuing delays should be always minimized to provide further allowance for the HARQ re-transmission delay, if the first transmission is not successful. Fig. 2 depicts the URLLC transmission delay versus the received SINR level for different URLLC payload sizes B llc while Fig. 3 describes the associated URLLC queuing delay. As can be observed, with a larger URLLC payload size, a higher SINR point should be always guaranteed to the URLLC UEs in order to reduce the transmission delay. However, the corresponding queuing delay is shown to significantly depend on the URLLC packet arrival rate, e.g., a larger arrival rate with a degraded mean transmission time results in immensely higher queuing delays. This requires allocating excessive radio resources to URLLC traffic or adopting conservative URLLC transmissions. Consequently, the eMBB utility function in (9) is severely under optimized, leading to a significant degradation of the network SE.
IV. PROPOSED SPATIAL PREEMPTIVE SCHEDULING FOR URLLC AND EMBB COEXISTENCE
The proposed NSBPS scheduler seeks to simultaneously cross-optimize the joint performance objectives of the eMBB and URLLC traffic. Thus, the critical URLLC latency deadline is satisfied regardless of the system load while providing the best achievable eMBB performance. When radio resources are not instantly schedulable for incoming URLLC traffic, NSBPS scheduler immediately searches for an ongoing eMBB transmission, that is spatially closest possible to a predefined spatial subspace, i.e., reference subspace. The scheduler instantly projects the selected eMBB transmission onto the reference subspace on-the-fly, and accordingly, it assigns the bursty URLLC traffic a portion of the victim eMBB radio resources. At the URLLC user side, it de-orients its decoding vector into one possible null space of the reference subspace; hence, experiencing no inter-user interference, as depicted in Fig. 4 . In the following sub-sections, we describe the proposed NSBPS scheduler in-detail.
A. PROPOSED NSBPS -AT THE BS SIDE
Starting at an arbitrary TTI instance, the newly arrived or buffered eMBB traffic is scheduled over single-user (SU) dedicated resources, if there are no pending URLLC arrivals. To dynamically multiplex the active eMBB user allocations across available resources, the proportional fair (PF) scheduling criterion [36] is applied as
where r mbb k mbb ,rb is the average delivered data rate of the k th eMBB user. However, in case of URLLC new DL arrivals at the BS while sufficient schedulable resources are instantly VOLUME 6, 2018 available, the NSBPS scheduler overwrites the eMBB user SU scheduling priority for the sake of the newly arrived URLLC traffic, by the weighted PF scheduling criteria (WPF) as
with β k llc β k mbb for immediate URLLC SU scheduling. Nonetheless, with a large offered loading level, which is foreseen with the 5G-NR, sufficient resource allocation may not be instantly available for the incoming URLLC traffic. For example, URLLC packets may arrive at the BS during an eMBB transmission slot (14-OFDM symbol). Hence, larger scheduling delays, i.e., queuing and/or segmentation delays, are experienced. The URLLC segmentation delay indicates that arrived URLLC payload is segmented and transmitted over multiple TTIs, due to insufficient instant resource allocation or degraded capacity per PRB. For such case, the proposed NSBPS scheduler first attempts fitting the URLLC traffic within one active eMBB transmission using a standard and non-biased MU-MIMO transmission, and based on a highly conservative γ −orthogonality threshold, with γ → [0, 1]. Thus, incoming URLLC traffic can only be paired with an active eMBB transmission if:
The conservative, i.e., large, orthogonality threshold is forcibly applied to protect the URLLC traffic against potential inter-user interference. If the system spatial degrees of freedom (SDoFs) are restrained during an arbitrary TTI and such large orthogonality requirements can not be satisfied, the NSBPS scheduler instantly enforces a semi-transparent, i.e., URLLC-aware transmission, controlled, i.e., independently from the available SDoFs, and biased, i.e., for the sake of URLLC user end, MU-MIMO transmission. The URLLC outage requirements are then achieved by satisfying:
where v mbb k is the actual precoder of the co-scheduled eMBB user with the incoming URLLC user. Then, an arbitrary spatial subspace is pre-defined in the discrete Fourier transform beamforming domain [37] as
where is the absolute antenna spacing and θ is an arbitrary spatial angle. Accordingly, the NSBPS scheduler searches for one active eMBB user whose transmission is most aligned within the reference subspace v ref (θ ) as 
wherein v mbb k is the post-projection updated eMBB user precoder. This way, the NSBPS scheduler immediately schedules the sporadic URLLC traffic over partial or full shared resource allocation with the victim eMBB transmission. Thus, in principal, no URLLC queuing delays are experienced. On another side, due to the instant projection of the victim eMBB user precoder, it exhibits a capacity loss; however, it is highly constrained and only limited by the spatial projection loss over the shared resources with the URLLC traffic. Furthermore, under larger eMBB user loading, the NSBPS scheduler is highly likely to find an active eMBB user whose transmission is originally aligned within the reference spatial subspace; hence, the instant spatial projection would not significantly impact its achievable capacity. Finally, the BS transmits a single-bit co-scheduling true indication, i.e., α = 1, to the intended URLLC user, which is transmitted in the user-centric CCH.
B. PROPOSED NSBPS -AT THE URLLC USER SIDE
When a true co-scheduling indication α = 1 is detected, the URLLC user acknowledges that its resource allocation is shared with an active eMBB transmission, whose interference is limited within the reference subspace.
Thus, the URLLC user first designs its decoder vector using a standard LMMSE-IRC receiver, to reject inter-cell interference as
where the interference covariance matrix is given by = u llc k
Accordingly, the final URLLC decoder vector u llc k (2) experiences no inter-user interference, providing the URLLC user with a robust decoding ability. To summarize the major concept of the proposed NSBPS scheduler, Fig. 5 shows a high level flow diagram of the NSBPS scheduler at the BS and intended URLLC user, respectively.
V. ANALYTICAL ANALYSIS COMPARED TO STATE OF THE ART URLLC SCHEDULERS
In this section, we introduce an analytical performance comparison of the proposed NSBPS scheduler versus the state-ofthe-art schedulers from industry and academia as follows: 1. Punctured scheduler (PS) [22] : in case that sufficient radio resources are not instantly available for the sporadic URLLC traffic, the PS scheduler immediately overwrites part of the ongoing eMBB transmissions by the incoming URLLC traffic. Thus, in principal, the URLLC queuing delay component is significantly minimized. PS scheduler has shown sound improvement of the URLLC latency performance; however, with a highly degraded SE, due to the eMBB unrealizable punctured transmissions. [23] : E-PS scheduler is an improved version of the conventional PS scheduler, which is recently proposed to partially recover the lost eMBB capacity due to puncturing. Punctured eMBB UEs are presumed to be aware of which resources are being punctured by URLLC traffic. Thus, victim eMBB UEs disregard the punctured PRBs from the Chase combining HARQ process in order not to spread the decoding errors. Furthermore, two code-block (CB) mapping layouts [23] - [25] are evaluated as: fully interleaved (FI), and frequency first (FF) layouts, respectively. The former indicates that CBs associated with an eMBB transport block (TB) are fully interleaved over the time and frequency resources, however, the latter means that CBs are spread over the frequency domain and condensed over the time domain. Moreover, CB-based HARQ feedback is adopted in order for the impacted eMBB UEs to feedback the BS of which punctured CBs could not be successfully decoded, hence, only re-transmitting the victim CBs instead of the full TB, reducing the aggregate HARQ overhead.
Enhanced punctured scheduler (E-PS)
3. Multi-user punctured scheduler (MU-PS) [26] : in our recent work, we considered a MU transmission on top of the PS scheduler. The proposed MU-PS scheduler first attempts a non-biased and transparent MU transmission of an URLLC-eMBB user pair. If the system offered SDoFs during an arbitrary TTI are not sufficient, the MU-PS scheduler rolls back to PS scheduler, where the URLLC traffic immediately punctures part of the radio resources, monopolized by ongoing eMBB transmissions. The MU-PS exhibits a fair tradeoff between URLLC latency and overall SE. However, the achievable MU gain is shown to be VOLUME 6, 2018 very restrained with the SDoF-limited conditions, where the MU-PS scheduler is highly likely to fall back to PS scheduler. Furthermore, it has been demonstrated that MU-PS scheduler leads to a degradation of the URLLC decoding ability, due to the potential inter-user interference. Thus, a conservative MU-PS (CMU-PS) scheduler is introduced to further safeguard the URLLC traffic against potentially strong inter-user interference, even if the pairing sum capacity constraint is satisfied. Thus, users can only be paired in a MU-MIMO transmission if their precoders satisfy larger spatial separation as given by
where ϑ is a predefined spatial separation threshold. Accordingly, the aggregate eMBB user rate is calculated from the individual sub-carrier rates, assuming OFDMA flat fading channels, as
Next, the fraction of the resources Γ llc k mbb , allocated to the k th eMBB user and being altered by the incoming URLLC traffic, is expressed as a set of random variables, given by
Due to the small size of URLLC packets, it is reasonable to assume that Γ llc
is satisfied. The achievable eMBB user rate can then be formulated by the joint eMBB and URLLC rate allocation function, as expressed by
For example, an eMBB user exhibits no capacity loss if its associated resource allocation is not induced by incoming URLLC traffic, hence, F
However, since the URLLC traffic is always prioritized, victim eMBB users exhibit a rate loss over a fraction of the impacted PRBs, where it can be formulated by the rate loss function as
where the rate loss function
represents the effective portion of impacted PRBs of the k th eMBB user. Under the proposed NSBPS framework, the updated eMBB effective channel gain is expressed as
where Q mbb k is the post-projection channel gain of the k th eMBB user. The magnitude of Q mbb k can be reformulated in terms of the eMBB projection loss, due to the immediate change of the eMBB precoder from v mbb 
Due to the constraints in (17) and (21), the eMBB projection loss is guaranteed minimum at all times since:
On another side, the rate loss function of the PS scheduler is expressed by the full URLLC resources altering the eMBB user resources, since the eMBB transmission is instantly stopped over these resources, and it is given by
The MU-PS scheduler provides an optimized average of the achievable eMBB user rate; however, the MU gain is constrained by the available SDoFs, due to the persistent PS events, if the standard MU-MIMO scheduler fails. Hence, the MU-PS rate loss can be given by
where φ ≤ 1 is the probability of rolling back to PS scheduler under a given cell loading state. Fig. 6 presents the discrete values of φ under different loading conditions, where we define the cell loading as: Ω = (K mbb , K llc ), and the eMBB full buffer traffic is adopted. As can be observed, with a small number of eMBB users per cell, the system overall SDoFs are highly limited and hence, the MU-PS scheduler is highly likely to roll back to PS scheduler, i.e., φ ∼ 1 in order to instantly schedule the offered URLLC traffic. Finally, the average achievable eMBB user rate is expressed by
Based on (28) - (38), it can be further observed that the proposed NSBPS scheduler exhibits the highest ergodic capacity, due to the constrained eMBB rate loss function.
VI. PERFORMANCE EVALUATION
The performance of the NSBPS scheduler is validated by extensive SLSs, where the major 5G-NR and radio resource management functionalities are implemented, e.g., agile frame structure, HARQ re-transmission, dynamic link adaptation, and control channel overhead, as described in the subsection II-A. The major simulation parameters are listed in Table 1 . The baseline antenna configuration is 8 × 2 and the default eMBB traffic is full buffer unless otherwise mentioned. Fig. 7 depicts the one-way latency of the URLLC traffic at the 10 −5 outage probability under different cell loading conditions , for the proposed NSBPS, PS, MU-PS, and time-domain WPF (TD-WPF) schedulers. As can be noticed, the NSBPS scheduler offers significant robustness of the URLLC latency performance, independently from the cell loading conditions, and hence, the aggregate interference levels. The performance gain of the NSBPS scheduler is attributed to: a) the elimination of the scheduling queuing delays of the URLLC sporadic traffic, i.e., guaranteed instant URLLC scheduling, b) safeguarding the URLLC traffic from the potential inter-user interference through controlled (almost surely occurs), biased (in favor of the URLLC user), and semi-transparent MU-MIMO transmission, c) compressing the interference spatial dimension, leading to a better LMMSE receiver interference rejection ability, as will be presented in subsection VI-B, and d) the always constrained minimum eMBB cost function.
A. MAJOR PERFORMANCE COMPARISON
The PS scheduler provides an optimized URLLC latency performance, especially over the low load region; however, it comes at the expense of a degraded SE. Moreover, it exhibits URLLC performance degradation as the cell load increases, due to the resulting extreme levels of inter-cell interference. Accordingly, a degraded capacity per PRB is experienced. The MU-PS scheduler provides a decent tradeoff between URLLC latency and overall SE due to the achievable MU gain. However, the non-controlled MU interference degrades the URLLC decoding point, especially when the inter-cell interference levels are originally significant. Finally, the TD-WPF scheduler exhibits the worst latency performance since instant URLLC scheduling is not guaranteed, e.g., the URLLC packets are queued for multiple TTIs if the instant schedulable radio resources are not sufficient to accommodate these payloads. the best cell throughput performance because the eMBB cost function is limited by the spatial projection loss, and thus, it is always constrained minimum, compared to the PS, MU-PS, and TD-WPF schedulers. The PS scheduler clearly suffers from severe degradation in the cell ergodic capacity due to the eMBB punctured transmissions. However, the TD-WPF scheduler exhibits an improved cell performance since punctured eMBB transmissions are not allowed; however, at the expense of significant URLLC queuing delays. Finally, the MU-PS scheduler provides a better cell capacity than TD-WPF and PS schedulers, due to the achieved MU gain; however, gain is highly limited by the available system SDoFs, and hence, dependent on the cell loading condition, and aggregate interference levels, e.g., MU-PS scheduler is highly likely to roll back to SE-less-efficient PS scheduler when the system SDoFs are limited within a TTI. In Fig. 9 , we compare the empirical cumulative distribution function (ECDF) of the achievable cell throughput of the proposed NSBPS scheduler against the state-of-the-art E-PS and CMU-PS schedulers, respectively, for Ω = (5, 5). As can be clearly identified, the NSBPS scheduler still outperforms all schedulers under assessment due to the guaranteed minimum projection loss of the victim eMBB UEs. On the other hand, the CMU-PS scheduler provides an optimized cell throughput performance due to enforcing a conservative MU pairing constraint; thus, the CMU-PS scheduler performs less MU pairings; however, with a higher MU gain. The conventional PS scheduler shows the worst SE because the puncturing events severely degrade the eMBB capacity. Finally, the E-PS scheduler shows an improved cell throughput than the PS, for both the FI and FF CB layouts, respectively. The E-PS scheduler with FI CB layout is shown to slightly outperform that is of the FF CB, since a modest and equal puncturing impact on all CBs minimizes the error probability of the entire TB compared to the case of the FF CB, where only a few CBs, i.e., condensed in the time-domain, are completely damaged due to puncturing.
B. PERFORMANCE DRIVERS OF THE PROPOSED NSBPS SCHEDULER
Examining the performance drivers of the proposed NSBPS scheduler, Fig. 10 shows the average achievable capacity per scheduled eMBB/URLLC allocations in bits. The proposed scheduler clearly enhances the allocation average capacity due to the controlled MU pairing, and the limited eMBB projection loss. The MU-PS scheduler shows an improved capacity, however, it depends on the available system SDoFs, e.g., with SDoF-limited condition (Ω = (5, 20) ), the MU-PS scheduler exhibits a similar allocation capacity as of the PS scheduler. The PS scheduler provides the worst performance due to the punctured eMBB transmissions and the hard priority of the URLLC traffic. Similar conclusions can be also reached from Fig. 11 , where the average number of the TD queued users is depicted, i.e., the average number of active users which are queued in the TD scheduler for multiple TTIs until sufficient resources are released. Due to its achievable higher allocation capacity, the NSBPS scheduler shows the lowest number of the TD-queued users against the MU-PS and PS schedulers, respectively. However, under a large offered load, e.g., Ω = (20, 5), all schedulers under evaluation suffer from a larger queuing delay due to the extreme interference levels, and hence, PRB degraded capacity. Furthermore, Fig. 12 scheduler provides ∼ 1 dB gain in the average FTP3 packet SINR over the PS scheduler. The fixed subspace projection of the victim eMBB transmissions leads to regularizing the inter-cell interference statistics from different cells into a compressed spatial span. Thus, the LMMSE-IRC receiver has better SDoFs to reject and null the interference statistics from the received signal, leading to a better SINR performance with the NSBPS scheduler. However, the MU-PS scheduler exhibits the worst SINR level per FTP3 packet due to the residual inter-user interference from the standard MU transmissions.
C. EMBB REALISTIC TRAFFIC MODEL
Examining the end-to-end eMBB performance, we also consider a more realistic traffic modeling in order to emulate the coexistence of the broadband video streaming services with the URLLC applications. Under this assumption, a constant bit rate (CBR) traffic modeling is adopted for the eMBB users, whereň = 10, B mbb = 320 KBytes, andȋ = 0.6864 sec. This implies a clip time of ∼ 6.1776 sec and CBR load of ∼ 4 Mbps per eMBB user. When an arbitrary eMBB user finishes its corresponding streaming session, another eMBB user is generated with a random position in the simulation. Fig. 13 depicts the complementary CDF (CCDF) of the URLLC one-way latency, for different antenna configurations, i.e., 8 × 2 and 8 × 8, respectively. As can be seen, with 8 × 2 antenna setup, the URLLC latency performance of both NSBPS and PS schedulers is significantly degraded, where the URLLC 1 ms outage latency can not be satisfied. This is due to the highly varying set of active interferers, resulting from the bursty eMBB CBR traffic. Hence, the resultant fast varying interference pattern disrupts the URLLC link adaptation process, leading to several HARQ re-transmissions before a successful decoding. One possible suggestion is to utilize the channel hardening phenomenon [38] by increasing the size of the transmit and receive antenna arrays, for the same transceiver complexity. With larger antenna arrays, the spatial channel becomes more directive on the desired paths with much less energy leakage on interference paths, leading to a better decoding ability of the LMMSE-IRC receiver. Hence, with 8 × 8 antenna setup, the URLLC latency performance of both schedulers is clearly improved, achieving the URLLC latency target with the NSBPS scheduler, due to the significantly reduced interference leakage. Finally, Fig. 14 depicts the ECDF of the achievable eMBB user CBR, where similar conclusions can be drawn. 
VII. CONCLUDING REMARKS
An attractive null-space-based preemptive scheduler (NSBPS) for joint eMBB and URLLC traffic is introduced. Proposed NSBPS scheduler guarantees an instant scheduling for the sporadic URLLC traffic, and with the minimal impact on the overall ergodic capacity. Thus, the sporadic URLLC traffic experiences no further queuing delays in order to achieve its critical one-way latency budget. A variety of dynamic system level simulations in addition to an analytic analysis of the major performance indicators are carried out to validate the performance of the proposed scheduler. Compared to the state-of-the-art scheduling proposals from industry and academia, the proposed NSBPS shows extreme URLLC latency robustness with significantly improved eMBB performance.
The major conclusions brought by this paper can be summarized as follows: (1) the transmission and queuing delay components are the major obstacles against achieving the URLLC hard latency, and those are highly correlated and dependent on the URLLC payload size and the mean packet arrival rate, (2) thus, URLLC users must satisfy their outage capacity of interest instead of the overall ergodic capacity, leading to a severe degradation of the network spectral efficiency, (3) proposed NSBPS scheduler instantly schedules the sporadic URLLC traffic regardless of the network loading state, reducing the URLLC queuing delays, and (4) NSBPS scheduler safeguards the URLLC traffic from potential interuser interference by enforcing sufficient spatial separation through subspace projection. A detailed study on recovering the eMBB capacity will be considered in a future work.
